Neuroprostanes are prostaglandin-like compounds produced by free radicalinduced peroxidation of docosahexaenoic acid, which is highly enriched in the brain.
INTRODUCTION
Isoprostanes (IsoPs) 1 are prostaglandin (PG)-like compounds that are generated in vivo non-enzymatically as products of free radical-induced peroxidation of arachidonoyl lipids (1, 2) . Their formation proceeds via PGH 2 -like bicyclic endoperoxide intermediates, which are reduced to form F-ring IsoPs (F 2 -IsoPs) (1) or undergo rearrangement to form D-ring and E-ring IsoPs (2) and isothromboxanes (3) . Recently, we reported that IsoP endoperoxide intermediates also undergo rearrangement to form highly reactive (-ketoaldehyde levuglandin-like compounds 2 (4) . We propose to term these non-enzymatically generated (-ketoaldehydes isoketals (IsoKs) to distinguish them from levuglandins formed by rearrangement of the cyclooxygenase endoperoxide intermediate, PGH 2 (5). These extremely reactive molecules form covalent adducts with lysine residues on proteins at a rate that exceeds that of 4-hydroxy-2-nonenal (4-HNE) by orders of magnitude, which is considered to be one of the most reactive aldehydes generated as a product of lipid peroxidation (6) . Moreover, they exhibit a remarkable proclivity to cross-link proteins. We have previously shown that IsoKs initially form a reversible Schiff base adduct, which then proceeds through a pyrrole to stable lactam and hydroxylactam adducts 2 (7) .
Docosahexaenoic acid (DHA) (22:6T3) is a polyunsaturated fatty acid uniquely enriched in the brain and retina, especially in synaptic membranes and in photoreceptor cells (8) (9) (10) . Astrocytes play an important role in the delivery of DHA to the blood-brain barrier endothelial cells and to neurons (11, 12) . Although the physiologic basis for why DHA is enriched in the brain and retina remains unclear, reduced levels of DHA are associated with disturbances in visual acuity, behavior and learning in young animals by guest on October 30, 2017 http://www.jbc.org/ Downloaded from 5 and humans (13) (14) (15) . We had previously demonstrated the formation of IsoP-like compounds in vivo from free radical-catalyzed peroxidation of DHA (16, 17) . Because DHA is highly concentrated in nervous system tissue, we have termed these compounds neuroprostanes (NPs) (17) . Analogous to the formation of IsoPs, the formation of NPs also proceeds through bicyclic endoperoxide intermediates that not only are reduced to F-ring compounds, but also undergo rearrangement in vivo to form D-and E-ring NPs (17, 18) . Therefore, we explored the hypothesis that IsoK-like compounds could also be generated as rearrangement products of the NP pathway, for which we propose the term neuroketals (NKs).
Our interest in the possibility that NKs could be formed derives from the fact that free radicals have been implicated in the pathogenesis of a wide variety of neurodegenerative disorders, including Huntington's disease, amyotrophic lateral sclerosis, Parkinson's disease, and Alzheimer's disease (19) (20) (21) (22) (23) . Furthermore, reactive aldehydes are thought to be key mediators of oxidant injury because of their capacity to covalently modify proteins and DNA 2 (4, (24) (25) (26) (27) (28) . Thus, generation of NKs may induce neuronal injury owing to their reactivity and could potentially be involved in the formation of protein cross-links, a common feature in neurodegenerative diseases. The notion that
NKs, if formed, may at least participate in the pathogenesis of Alzheimer's disease is strengthened by our previous finding that F 4 -NPs levels are significantly increased in cerebrospinal fluid from patients with this disease (17) .
The pathway by which NKs can be generated is shown in Fig.1 Oxidation of DHA. 5 mg of DHA were oxidized in vitro in 1 X PBS using a Fe/ADP/ascorbate mixture (1 mM/200 mM/100 mM) for 2 h as described (30) .
Purification and analysis of NKs by GC/NICI/MS.
The purification and analysis of NKs followed similar procedures used for purification and analysis of IsoKs (4). standard. Catalytic hydrogenation was performed as described previously (31).
Purification and analysis of F 4 -NPs and IsoKs by GC/NICI/MS. Purification and analysis of F 4 -NPs and IsoKs by GC/NICI/MS was performed as described (4, 17).
Formation and analysis of NK-lysyl adducts. 10 mg of DHA was oxidized as We then compared the relative amounts of NKs and F 4 -NPs formed during oxidation of DHA. The amounts of NKs formed are less than the amounts of F 4 -NPs (Fig.4A) . Interestingly, however, the amount of NKs generated exceeded the amount of IsoKs formed during co-oxidation of equal molar amounts of DHA and AA with
Fe/ADP/ascorbate by 3.1-fold (Fig.4B) .
Evidence for the formation of NK-lysyl adducts. We previously demonstrated that
IsoKs covalently adduct to lysine residues with remarkable rapidity (within secs) (4).
IsoKs initially form an unstable reversible Schiff base adduct which then proceeds through a pyrrole to stable lactam and hydroxylactam adducts 2 (4,7) ( synaptosomes. This is due to variation in absolute recovery of the NK adduct isomers in the pooled HPLC fractions collected due to the large number of isomers which elute over a broad range, as was also seen for peaks representing the internal standards.
Detection of NK-lysyl adducts in vivo in human brain.
We then sought to determine whether NK-lactam protein adducts are present in detectable quantities in vivo in human brain obtained from individuals who had no known neurological disease at the time of death. Proteins from frozen human cerebral cortex were precipitated, delipidated, and treated with or without base hydrolysis before complete proteolysis.
Levels of NK-lysyl lactam adducts in the cerebral cortex were 9.9 ± 3.7 ng/g of brain tissue (n=4) (Fig. 10) . The amount of adducts detected was not different from the levels measured when proteins had not been subjected to base hydrolysis, indicating that NK- (6), it is of interest and particular relevance that we previously showed that IsoKs adduct to lysine residues at a rate that exceeds that of 4-HNE by several orders of magnitude (4).
Relevant to the hypothesis that NKs could be important effector molecules in the pathobiology of oxidative neuronal injury are the data obtained from the 2,5-hexanedione, the reactive metabolite that is responsible for the neurotoxicity of nhexane. 2,5-Hexanedione is a γ-diketone that reacts with the ε-amine group of lysine with reaction chemistry similar to that of NKs. γ-Diketone neuropathy is characterized by cross-linking of neurofilaments, via the formation of pyrrole adducts, leading to axonal atrophy and swelling (50, 51) . Thus, the neurotoxic effects of NKs would be expected to be similar to that of 2,5-hexanedione.
It is interesting to note that the amounts of NKs generated during co-oxidation of equivalent amounts of DHA and AA in vitro were greater than the amounts of IsoKs formed. This is consistent with the fact that DHA is more susceptible than AA to oxidation (52). This is also in accord with the findings that (a) NP levels are higher than levels of IsoPs in normal human brain, (b) levels of NPs are increased in brain from patients with Alzheimer's disease whereas IsoPs are not, and (c) levels of NPs are higher than levels of IsoPs in cerebrospinal fluid from both control subjects and patients with Alzheimer's disease (17, 40 
